Computer-navigated and minimally invasive TKAs are emerging technologies that have distinct strengths and weaknesses. We compared duration of surgery, length of hospitalization, Knee Society scores, radiographic alignments, and complications in two unselected groups of 81 consecutive knees that underwent TKA using either a minimally invasive approach or computer navigation. The two groups were operated on by two different surgeons over differing timeframes. The mean surgical time was longer in the navigated group by 63 minutes. The Knee Society scores and lengths of hospitalization of the two groups were similar. The postoperative component alignments of the two groups were similar; the mean femoral valgus and tibial varus angles of the navigation group changed from 96°and 88°p reoperatively to 95°and 89°postoperatively, respectively, and in the minimally invasive group, the mean femoral valgus angles and tibial varus angles changed from 97°and 88°preoperatively to 95°and 89°postoperatively, respectively. There were 11 major and three minor complications in the navigation group, including one revision, two femoral shaft fractures, four reoperations for knee stiffness, and four instances of bleeding from tracker sites. We believe the higher incidence of complications in addition to the longer operative time in the navigated group may outweigh any potential radiographic benefits. Level of Evidence: Level II, therapeutic study. See the Guidelines for Authors for a complete description of levels of evidence.
Introduction
Various minimally invasive techniques have been developed for TKA in an effort to decrease early morbidity and to aid rehabilitative efforts. Minimally invasive TKA has been associated with less pain (15% fewer patients reported pain at 6 weeks in one study and 15% less epidural pain medication was used in another) [1, 5, 16] ; reduced mean length of hospitalization (2.2 versus 2.7 days) in one study [16] ; a higher mean arc of motion on Day 1 (by 25°) at 6 weeks (by 5°-15°) and 1 year (by 4°-9°) postoperatively in various studies [11, 12, 16] ; and better early quadriceps muscle strength (81% versus 29% could perform a straightleg raise on the first postoperative day in one study and mean time to performance of a straight-leg raise was 2 versus 5 days in another study) [12, 23] . One multicenter report demonstrated no differences in the results of minimally invasive and conventional approaches [15] . However, another study reported higher rates of varus malalignment (13% versus 0%) using a minimally invasive approach [5] .
Computer-assisted navigation surgery has also been developed to aid the surgeon in achieving improved alignment, presumably leading to better short-and long-term outcomes. Some studies have reported navigation techniques are associated with more precise component alignment (specifically, fewer outliers of more than 3°) when compared with standard techniques for TKA [4, 8, 18, 19] . Other reports document disadvantages, including increased operative time and more complications [2, 3, 22] . Many surgeons view minimally invasive and navigation techniques as becoming standard in the future. Some believe in the possibility of combining the two methods, although both are new technologies of still unproven benefit over conventional methods. Several studies have compared minimally invasive TKA using navigation with conventional TKA [7, 19] , but the two new approaches have not been individually compared.
Because the literature is mixed on the benefits and disadvantages of the two procedures, we compared perioperative parameters (surgical time and estimated blood loss), clinical variables (Knee Society knee scores as well as range of motion at last followup), radiographic data (radiolucencies and tibiofemoral axis alignment), and complication rates in a group of patients who underwent minimally invasive TKA with those in a group treated with navigation.
Materials and Methods
We compared the clinical and radiographic outcomes of two groups of 81 TKAs performed between January 1, 2004, and January 1, 2006. As a control, we obtained similar data from 50 consecutive cases performed by each surgeon with standard TKA approaches performed just before the techniques used in this study and at a followup time similar to that of the two primary study groups. One author (DD) used computerassisted navigation for all TKAs. Another author (PMB) used a minimally invasive approach without navigation. However, the navigation surgeon had less volume so the cases were completed over a 2-year timespan, whereas the minimally invasive surgeon finished the 81 cases in approximately 4 months. We included all patients in both groups in which the procedures were used during the timeframe; that is, no patients were excluded. Patients in both groups were followed for a minimum of 2 years (mean, 3 years; range, 2-4 years). No patients were lost to followup. We compared perioperative parameters (surgical time and estimated blood loss), clinical variables (Knee Society knee scores and ranges of motion at last followup), radiographic data (radiolucencies and tibiofemoral axis alignment), and complication rates. Institutional Review Board approval was obtained to enroll these patients in the study.
All patients in both groups had been diagnosed with osteoarthritis of the knee that had failed nonoperative treatment. In the navigation group, there were 33 women (52 knees) and 22 men (29 knees) who had a mean age of 64 years (range, 39-100 years). In the minimally invasive group, there were 37 women (53 knees) and 18 men (28 knees) who had a mean age of 71 years (range, 47-88 years). Other demographic variables such as body mass index and preoperative alignment variables were similar between the two groups ( Table 1) .
The minimally invasive technique was performed with a medial patellar incision, typically less than 10 cm long, which represented no more than twice the length of the patella. A modified vastus medialis obliquus muscle snip approach was made, which allowed for exposure of the knee without everting the patella. Using downsized instrumentation, all knees had a Scorpio TM Total Knee System (Stryker Orthopaedics, Mahwah, NJ) implanted. All components (femoral, tibial, and patellar) were cemented in all cases.
The patients in the navigation group underwent TKA using a conventional midvastus approach with an incision approximately 15 cm in length. A modified vastus medialis obliquus snip was performed, but the patella was everted and the tibiofemoral joint was dislocated as part of each procedure. The navigation system used a variable number of tracker pins (4.5-mm pins placed bicortically in the diaphysis of the femur and tibia) using the Stryker Navigation System (Stryker Orthopaedics). The navigation system was used to guide the bone cuts in both the coronal and sagittal planes as well as to verify the final bone cuts and the seating of the components.
The patients were evaluated independently by a registered nurse (MM) preoperatively, 6 weeks after the procedure, and at annual followup visits using the Knee Society clinical scoring system [13] . From the medical records, we obtained the duration of the procedure, the length of hospital stay, and the perioperative complications. We searched the records for any major or minor complications both perioperatively and at followup visits. Anteroposterior and lateral weightbearing radiographs were taken preoperatively, within 6 weeks postoperatively, and afterward as needed by the same radiology technicians. Two research staff members and one author (LR, MM, PMB) evaluated all radiographs independently, and if there was disagreement, the radiograph was reexamined until a unanimous decision was made. Collection of radiographic data did not begin until investigators had performed an analysis of intra-and interobserver agreement with regard to radiographic alignment. Radiographs were not assessed for the study until the evaluators agreed, within 1°or less, with themselves on different days and with each other more than 90% of the time. The anatomic axis alignment as well as the alignment of the femoral and tibial components were determined in the anteroposterior and lateral projections. In addition, the femoral, tibial, and patellar components were divided into zones and evaluated for radiolucencies according to the method described by the Knee Society [9] . The width of each radiolucency was measured, all widths for each component were added, and any sums greater than 10 mm or progression of radiolucencies were considered signs of component loosening.
A chart review was conducted to collect data and evaluate 50 consecutive TKAs performed by each surgeon with standard approaches just before the techniques used in this study and at a followup time similar to the two primary study groups. The conventional TKAs that were performed by one author (PMB) occurred over a 6-month period during 2002 (which was the last time this author performed conventional TKAs) and the TKAs that were performed by the other author occurred over a 6-month period during 2004 and 2005, which directly preceded the navigation study group. The clinical evaluations of these patients were performed at the same followup times as those in the current groups of study patients (mean, 3 years; range, 2-4 years). The TKAs were all performed using a conventional midvastus approach with an incision of 15 to 20 cm. Navigation was not used. The perioperative variables (surgery duration and estimated blood loss) and postoperative variables (Knee Society knee score, range of motion, and tibiofemoral axis) were examined to assess the comparability of the two surgeons as well as to compare the conventional methods with the techniques used in the present study.
We compared the various clinical and radiographic parameters of the two study groups. In addition, to lessen the chance of surgeon bias, we compared the parameters of each surgeon's study group with his historical conventional group, and we compared the parameters of the two conventional groups with each other. We determined differences in perioperative variables (surgical time and estimated blood loss), clinical scores (Knee Society knee scores as well as ranges of motion at last followup), and radiographic data (radiolucencies and tibiofemoral axis alignment). A repeated-measures analysis of variance was used to compare the variables, and the Holm-Sidak method of multiple pairwise comparisons was used when major differences were found among the groups. In addition, the number of major and minor complications was compared among the previously mentioned groups. We used SPSS version 13.0 (SPSS Inc, Chicago, IL) for all analyses.
Results
The perioperative variables of the navigation and minimally invasive groups were similar, except the mean duration of surgery was longer (p = 0.001) in the navigated group (mean, 121 minutes; range, 60-202 minutes) than in the minimally invasive group (mean, 58 minutes; range, 37-134 minutes). The other values were similar between the two study groups. In examining the perioperative variables of the two control groups, the surgeon who used navigation in the current study had a longer (p = 0.001) mean surgical time than the surgeon who used a minimally invasive approach in the current study. The estimated mean blood loss was similar between the two treatment groups as well as between the two control groups, but the mean blood loss was higher (p = 0.02) in the control groups compared with the treatment groups. There were no differences in duration of hospitalization among the four groups. Table 2 shows the perioperative parameters of all of the control and study groups.
We found no differences between the navigation and the minimally invasive surgery groups in the clinical scores at last followup ( Table 2 ). The Knee Society knee scores for the navigation and minimally invasive groups improved from means of 39 and 31 points to 91 and 93 points, respectively. The control groups had similar (p = 0.075) postoperative clinical scores. The mean range of motion of the navigation group was higher by 2°(p = 0.026) than for the other three groups, but this is not likely a clinically important difference.
Mean postoperative alignment was similar between the two study groups in the coronal and sagittal planes and had a narrower range than the preoperative values. In the navigation group, the mean postoperative femoral valgus angle was 95°(range, 91°-100°) and the mean tibial varus angle was 89°(range, 86°-98°). In the minimally invasive group, the mean postoperative femoral valgus angle was 95°(range, 90°-100°) and the mean tibial varus angle was 89°(range, 86°-92°). Assessment of radiolucencies revealed no progressive radiolucencies, and there were no radiographs in which the total width of radiolucencies was greater than 5 mm. The mean anatomic axis angles of the knees of the conventional groups were similar.
There were 11 major complications in the navigation group, including one revision; four reoperations for knee stiffness; two femoral neck fractures at the sites of tracker pin insertions, which both required open reduction and internal fixation (Fig. 1) ; and four bleeding complications, which required aspiration. There were also three minor complications, including a deep venous thrombosis, a peroneal nerve palsy, and a wound infection, each of which resolved with anticoagulation medication, physical therapy, and antibiotics, respectively. In comparison, there were six major complications in the minimally invasive surgery group, including one revision and five reoperations for knee stiffness. There was also one deep venous thrombosis, which resolved with anticoagulation medication. The conventional groups that were performed by the navigation author and the minimally invasive author had reoperation rates of 10% and 4%, respectively, consisting of one revision in each group as well as arthroscopic contracture releases for knee stiffness. We have provided details of the complications of all four groups (Table 3 ).
Discussion
Computer-assisted navigation and minimally invasive TKA are both emerging technologies that have distinct strengths and weaknesses. Navigation reportedly improves alignment of components [4, 8, 18, 19] , although some studies report greater operative times and more complications than TKA without navigation [2, 3, 22] . Minimally invasive TKA may decrease postoperative pain [1, 5, 16] , shorten recovery time [1, 16] , and improve function [1, 11, 12, 16, 23] , but it has also been associated with a higher number of complications and failures [5] . As a result, we compared perioperative variables (surgical time and estimated blood loss), clinical scores (Knee Society knee scores as well as range of motion at last followup), radiographic data (radiolucencies and tibiofemoral axis alignment), and complications of a group of patients who were treated with minimally invasive surgery with a group of patients who were treated with navigation. There were several limitations of this study. First, two surgeons performed the surgeries over varying lengths of time, and some of the differences might be explained by differences in surgical technique. However, both surgeons are partners who operate in the same hospital with similar patient populations, indications, anesthesia, pain management, venous thromboembolism prophylaxis, and rehabilitation. In addition, we used each surgeon's historical data of 50 TKAs performed with standard approaches as an internal control, which showed the two surgeons had different surgical times in the conventional groups but otherwise similar results. This may mean the differences in surgical times of the two study groups might be attributable to differences between the surgeons, but the surgical times for the navigation study group were considerably longer than the surgical times for the conventional group performed by the same author. Another potential limitation is the navigation surgeon might have been early on the learning curve, although the femur fractures were Cases 62 and 75 in the series. Finally, the mean followup time was only 3 years. Nevertheless, we believe the increased complications with navigation have implications for how to perform these surgeries in the future (ie, without diaphyseal-placed tracker pins).
A number of studies suggest navigation can increase the accuracy of component alignment, although it can also increase operative time and complications (Table 4 ) [6, 8, 10, 17, 18, [20] [21] [22] . A prospective, randomized study compared 60 conventional with 60 navigated TKAs and found the percentage of knees in which the mechanical axes deviated more than 3°was 20% and 1.7% in the two groups, respectively [8] . However, a case-control study that compared navigation with conventional TKAs found navigation was associated with a greater mean estimated blood loss as well as a longer mean surgical time by 27 minutes, whereas the alignment and Knee Society scores were similar [22] . Another study reported an increased risk of complications using navigation, including fractures and nerve lesions [20] . These studies corroborate the present study, which found slight improvement in accuracy of alignment, but also a higher rate of complications, especially femur fractures, with the navigation technique.
Studies of minimally invasive TKA have reported mixed outcomes (Table 5) [5, 14, 19, 21, 23, 24] . A comparison of minimally invasive TKA with navigation with a group of conventional TKAs found the minimally invasive group had better pain scores and a shorter time to achieve 90°of flexion and straight-leg raises [19] . Another report found four of 30 patients who underwent TKA using a minimidvastus approach had tibial components placed in 3°or more of varus malalignment, which was not found in a conventional group [5] . The present study found no differences between the two approaches at a followup time of 3 years.
New developments might decrease the rate of fractures and hematomas associated with navigation. The use of thinner tracking pins placed in the metaphysis rather than the diaphysis might help reduce long bone fractures. Pinless navigation systems that use skin or bone mapping might be useful in the future. The cost to obtain a navigation system was $193,000 in 2004 with an additional upgrade cost of $146,712 in 2007. The additional costs per procedure associated with navigation were calculated as $409 for disposable navigation instruments, $400 for the additional time in the operating room, and $116 for the additional anesthesia. This does not include additional trained personnel who may be needed if a representative is not available.
Additional operating time was required for navigation with added costs for purchasing and maintaining the system.
We also found a larger number of major complications in this group, particularly femoral shaft fractures and hematomas. Clinical results were similar at a minimum followup of 2 years. Future changes to the navigation systems might improve the results, but at present, the complications combined with the costs may outweigh any potential radiographic benefits.
